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ABSTRACT 

* 

c 

The emphasis i n  t h i s  s t u d y  w a s  on t h e  use of m u l t i p l e  pass trajectories for 
ne robrak inq .  However, for comparison, s i n g l e  pass trajectories, trajectories u s i n g  
h a l l u t s s ,  and t r a j e c t o r i e s  cor rupted  by a tmospher ic  anomolies  were run. A two pass 
t r a j e c t o r y  was chosen f o r  de t e rmin inq  t h e  r e l a t i o n  between s e n s i t i v i t y  to errors and 
payload to orhi t. T r a j e c t o r i e s  t h a t  used o n l y  aerodynamic f o r c e s  f o r  maneuvering 
could  p u t  more weight  i n t o  t h e  target orbi ts  b u t  were ve ry  s e n s i t i v e  to  v a r i a t i o n s  
From t h e  planned t r a j e c t o r s .  Using some t h r u s t  c o n t r o l  r e s u l t e d  i n  less payload to  
o r b i t ,  b u t  q r e a t l y  reduced t h e  s e n s i t i v i t y  to  v a r i a t i o n s  from nominal trajectories. 
When compared to t h e  non- th rus t inq  trajectories i n v e s t i g a t e d ,  t h e  j u d i c i o u s  use  of 
t h r u s t i n q  r e s u l t e d  i n  m u l t i p l e  pass  trajectories t h a t  gave 97 p e r c e n t  of t h e  pay load  
to o rb i t  with almost none of t h e  s e n s i t i v i t y  to v a r i a t i o n s  from the nominal.  

With t h e  adven t  of a f u l l y  o p e r a t i o n a l  space  s t a t i o n  i n  low e a r t h  o rb i t  (LM)), 
t h e  concept  of a r e u s a b l e  v e h i c l e  capab le  of a c h i e v i n g  geosynchronous o r b i t  ( G E O ) ,  
performinq s p e c i f i e d  sa te l l i t e  f u n c t i o n s ,  and then  r e t u r n i n g  to LEO W i l l  be 
f e a s i b l e .  Through a Hohmann t r a n s f e r ,  t h i s  v e h i c l e  could  accomplish t h e  r e q u i r e d  
o r b i t a l  changes p r o p u l s i v e l y .  Although t h i s  is the most e f f i c i e n t  way for t h e  
s p a c e c r a f t  t o  reach  GEO, a more economical  method e x i s t s  f o r  t h e  v e h i c l e ' s  r e t u r n  t o  
t h e  Space S t a t i o n .  By e n t e r i n g  t h e  e a r t h ' s  a tmosphere and t a k i n g  advantage  of  the 
s p a c e c r a f t ' s  ae rodynamica l ly  induced d rag ,  energy  ( i n  t h e  form of h e a t )  may be l o s t  
w i t h o u t  expendinq any p r o p e l l a n t .  Th i s  method of energy  loss is termed a e r o b r a k i n g ,  
and t h e  c r a f t  is cons ide red  an a e r o a s s i s t e d  o rb i t  t r a n s f e r  v e h i c l e  (AOTV) 
(Reference 1 ) .  

I d e a l l y ,  t h e  s p a c e c r a f t  remains i n  t h e  atmosphere j u s t  long  enough to a c h i e v e  
t h e  necessary ene rqy  decrement  before e s c a p i n g  on a new t r a j e c t o r y  wi th  apogee a t  
LEO. Once r each inq  t h i s  a l t i t u d e ,  a s i n g l e  p r o p u l s i v e  maneuver is r e q u i r e d  to  
c i r c u l a r i z e  the o r b i t .  However, remaining i n  t h e  e a r t h ' s  a tmosphere too long  
resu l t s  i n  ex t r eme ly  h igh  h e a t  rates,' and t h e  s p a c e c r a f t  w i l l  e i t h e r  burn up or lose 
so much energy  t h a t  escape is impossible. Thus, t h e  problem is to o b t a i n  a 
t r a j e c t o r y  based upon a p e r i g e e  a l t i t u d e  l o w  enough to  a c h i e v e  t h e  r e q u i r e d  e n e r g y  
decrement, hut s t i l l  hiqh enouqh so as not to  exceed the vehicle's known heating 
c o n s t r a i n t s .  The purpose of t h i s  paper  is to s t u d y  those  a e r o b r a k i n g  trajectories 
w h i c h  m e t  t he  specified a l t i t u d e  a n d  h e a t i n q  c o n s t r a i n t s .  

The p r e s e n t  a n a l y s i s  w a s  performed us ing  a computer program called t h e  Program 
for Opt imiz inq  Simulated T r a j e c t o r i e s  (POST). POST was a p p r o p r i a t e ,  n o t  o n l y  
because the  program is des iqned  to perform t r a j e c t o r y  o p t i m i z a t i o n s ,  b u t  also 
because  the  s e n s i t i v i t i e s  of s p e c i f i e d  miss ion  parameters are c a l c u l a t e d  as part of 
t h e  t r a j e c t o r y  o p t i m i z a t i o n .  These d a t a  h e l p  to  i d e n t i f y  v a r i a b l e s  which could  most 
i n f l u e n c e  a quidance ,  c o n t r o l ,  and n a v i g a t i o n  system d e s i g n .  

T h i s  i n v e s t i g a t i o n  b r i n g s  t o g e t h e r  f i v e  i n d i v i d u a l  s t u d i e s  dealing wi th  v a r i o u s  
a s p e c t s  of a s imula t ed  AOTV miss ion .  The topics addres sed  i n  t h e  o r d e r  t h e y  w i l l  be 
presen ted  are: 

1 . Aerodynamic V e r s u s  Orb i t a l  I n f l u e n c e .  
2. Atmospheric Dens i ty  V a r i a t i o n s .  
3. Enerqy Decrement P o s s i b i l i t i e s .  



4. M u l t i p l e  Aeropass Missions.  
5. S e n s i t i v i t y  Analys is .  

A s  s t a t e d  i n  t h e  i n t r o d u c t i o n ,  t h e  purpose of t h e  s t u d y  was to  i n v e s t i g a t e  
de robrak inq  t ra jector ies  t h a t  m e t  h e a t i n q  and apoqee a l t i t u d e  c o n s t r a i n t s .  The POST 
proqram was used  to de te rmine  the d e o r b i t  t h r u s t  from GEO and an ang le -o f -a t t ack  and 
bank a n q l e  combina t ion  t h a t  would r e s u l t  i n  a p e r i g e e  of t h e  b rak ing  orbit t h a t  
wou ld  n o t  exceed the  h e a t  r a t e  c o n s t r a i n t  by more t h a n  5 percen t .  For r u n s  where 
t h r u s t  o t h e r  than  t h a t  r e q u i r e d  to d e o r b i t  from GEO was needed, POST w a s  used t o  
de te rmine  the burn times hased on apogee a l t i t u d e  c o n s t r a i n t s .  

I t  w a s  assumed i n  t h i s  s t u d y  t h a t  t h e  mis s ions  w e r e  unmanned and, hence,  t i m e  
was n o t  a c o n s t r a i n t .  T h e r e f o r e ,  ho th  mis s ions  u t i l i z i n g  a s i n g l e  a tmosphe r i c  pass 
( f i g .  1 )  and mis s ions  employing m u l t i p l e  a tmosphe r i c  passes ( f i g .  2)  were 
c o n s i d e r e d .  A t y p i c a l  v e h i c l e  of t h e  type  used for t h i s  s t u d y  is shown as 
f i y u r e  3. The v e h i c l e  had an L/D of abou t  .3 and t h e  l i f t  and drag c h a r a c t e r i s t i c s  
of  t h e  v e h i c l e  were de termined  from wind-tunnel tests (Reference 2). 

The q u i d e l i n e s  used i n  t h e  s t u d y  were as follows: 1 )  t h e  atmosphere was 
assumed to  e i ther  begin  or end a t  400,000 f e e t ,  2) t h e  b rak ing  trajectories s t u d i e d  
had 1 ,  2, or 3 passes, 3) a l l  trajectories w e r e  targeted to  end w i t h  an  apogee of 
165 run, 4 )  the bank angle w a s  used as t h e  aerodynamic control i n  most ins tances  
w h i l e  supplementa l  t h r u s t i n g  w a s  used o c c a s i o n a l l y ,  and, 5 )  the  orbits were 
c i r c u l a r i z e d  a t  an apoqee as close to  160 nm as possible for each  orbi t  studied. 

Aerodynamic Versus O r b i t a l  I n f l u e n c e s  

A s i q n i f i c a n t  a s p e c t  of any A O W  miss ion  is t h e  amount of l i f t - i n d u c e d  control 
t h a t  t h e  v e h i c l e  w i l l  possess once i n  t h e  e a r t h ' s  a tmosphere.  One possible 
t r a j e c t o r y  which u t i l i z e s  l i f t  as a means of c o n t r o l  allows t h e  spacecraft to dive 
i n t o  t h e  lower r e q i o n s  of t h e  e a r t h ' s  a tmosphere u n t i l  excess h e a t i n g  becomes a con- 
c e r n .  A t  t h i s  p o i n t ,  t h e  v e h i c l e  climbs to  a less dense  a tmosphe r i c  r e g i o n  so it 
may cool. M u l t i p l e  passes throuqh t h e  atmosphere may be used i f  a s i n g l e  pass 
exceeds problem c o n s t r a i n t s  such as h e a t  rate and/or apoqee a l t i t u d e .  

The p r o j e c t e d  perigee w a s  found to exert a s i g n i f i c a n t  i n f l u e n c e  on the 
v e h i c l e ' s  a c t u a l  f l i g h t  p a t h .  The p r o j e c t e d  p e r i g e e  r e f e r s  to t h e  minimum a l t i t u d e  
t h a t  would be achieved  i f  the atmosphere d i d  n o t  i n f l u e n c e  the AOTV's t r a j e c t o r y .  
Th i s  p r o j e c t e d  p e r i q e e  a l t i t u d e  is a f u n c t i o n  of t h e  d e o r b i t  t h r u s t  from the 
q e o c e n t r i c  o rb i t .  
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The maximum heat rate is dependent  on t h e  p e r i g e e  a l t i t u d e .  Although h e a t  rate 
a c a n  he a d j u s t e d  by v a r i o u s  combina t ions  of ang le -o f -a t t ack  and bank a n g l e  w h i l e  the 

v e h i c l e  is i n  t h e  atmosphere,  t h e  s i n g l e  most i m p o r t a n t  parameter affect ing h e a t  
r a t e  is the  projected pe r igee .  

F igu re  4 shows t h a t  a p r e d i c t e d  perigee of 42.6 n a u t i c a l  miles co r re sponds  t o  
t h e  f l i q h t  p a t h  which w i l l  meet, b u t  n o t  exceed,  t h e  g iven  h e a t i n g  c o n s t r a i n t s .  
T h i s  f i q u r e  also shows t h a t  a l i n e a r  r e l a t i o n s h i p  e x i s t s  over  a p o r t i o n  of p r e d i c t e d  

2 



periqees (41  to  44 n a u t i c a l  m i l e s ) .  The most s i q n i f i c a n t  r e s u l t  of F igure  4 is t h e  
ex t r eme ly  l o w  t o l e r a n c e  t h a t  e x i s t s  i n  choos inq  a p r e d i c t e d  perigee. ( I f  t h e  
periqee is too h i q h ,  n o t  enough enerqy  w i l l  be lost;  while a perigee t h a t  is too l o w  
causes  t h e  v e h i c l e  to burn up.)  I t  shou ld  be noted t h a t  v a r y i n g  t h i s  parameter by 
only a s i n q l e  n a u t i c a l  mile, c a u s e s  t h e  maximum ach ieved  h e a t  rate to  change by 
10 R t u / ( S q .  Ft.-Sec.). Thus, an a c c u r a t e  perigee p r e d i c t i o n  is needed to i n s u r e  a 
s u c c e s s f u l  m i s s i o n  u n l e s s  a d d i t i o n a l  controls are i n t r o d u c e d .  

Atmospher ic  D e n s i t y  V a r i a t i o n s  

Recent space s h u t t l e  f l i g h t s  have shown t h a t  a tmosphe r i c  predictions based on a 
model do n o t  a lways r e f l e c t  t h e  a c t u a l  f l i g h t  c o n d i t i o n s .  D e n s i t y  variations known 
as d e n s i t y  s h e a r s  were found to occur  a t  v a r i o u s  a l t i t u d e s .  To de te rmine  possible 
effectx of t h e s e  s h e a r s ,  20-percent  d e n s i t y  v a r i a t i o n s  w e r e  i n p u t  to t h e  a t m o s p h e r i c  
model. 

In  t h i s  s t u d y ,  t h e  s imula t ed  d e n s i t y  s h e a r s  w e r e  i n p u t  a t  an a l t i t u d e  of 
250,000 f e e t  when maximum heat rate w a s  ach ieved .  This s i m u l a t i o n  was performed 
twice, w t t h  t h e  v a r i a t i o n  be ing  e i t h e r  80 p e r c e n t  or 120 p e r c e n t  of t h e  s t a n d a r d  
a tmosphe r i c  d e n s i t y  and l a s t i n g  for a d u r a t i o n  of 30 seconds .  S i n c e  80-percent  
d e n s i t y  s h e a r s  w e r e  encountered  a t  approx ima te ly  t h i s  a l t i t u d e  on both STS-2 and 
STS-4, as w e l l  a s  a 120-percent  s h e a r  d u r i n q  STS-6, t h i s  250,000 f t .  a l t i t u d e  w a s  a 
r ea l i s t i c  p o i n t  €or t h e  s h e a r s  to occur .  

F i g u r e s  Sa, Sb, and Sc show t h i s  d e n s i t y  s h e a r  reflected i n  dynamic p r e s s u r e ,  
a c c e l e r a t i o n ,  and h e a t  rate, r e s p e c t i v e l y .  The upper of  t h e  t w o  dashed curves 
r e p r e s e n t s  t h e  120-percent  v a r i a t i o n ,  whi le  t h e  lower curve  r e p r e s e n t s  the 80- 
p e r c e n t  s h e a r .  When t h e  d e n s i t y  s h e a r s  were a p p l i e d ,  t h e  dynamic pressure, 
a c c e l e r a t i o n ,  and h e a t  rate a l l  r e a c t e d  i n s t a n t a n e o u s l y .  As t h e  d e n s i t y  i n c r e a s e d ,  
t h e  t h r e e  pa rame te r s  shown i n  f i g u r e  5 i n c r e a s e d ,  and when t h e  d e n s i t y  decreased, 
t h e y  a l l  decreased. The most impor t an t  f e a t u r e  of f i g u r e  5 is that a 20-percent  
d e n s i t y  i n c r e a s e  r e s u l t s  i n  r a i s i n g  t h e  maximum h e a t  rate to 200 Btu/(Sq. Ft.- 
s o c . ) .  S i n c e  t h e  p o s s i b i l i t y  of  encoun te r ing  such a d e n s i t y  s h e a r  i n  f l i g h t  is 
q u i t e  p robab le ,  t h i s  e f f e c t  must be accounted  for. It shou ld  also be noted t h a t  due 
to  t h e  v e h i c l e ' s  n e g l i g i b l e  l i f t  f o r c e s ,  t h e  change i n  minimum a l t i t u d e  r e s u l t i n g  
f rom a d e n s i t y  shear is very  s m a l l  (on t h e  order of 500 f e e t ) .  

E n e r q y  Decrement Possibi l i t ies  

When t h e  v e h i c l e  used €or t h i s  s t u d y  is i n  a 165-nau t i ca l  m i l e  l o w  e a r t h  orbi t  
8 

(LM)), it has  an  energy  mass r a t io  -3 .21~10 .  The same v e h i c l e ,  as it e n t e r s  the 
a tmosphere  on  r e t u r n i n g  from a q e o c e n t r i c  o rb i t  (GEO), has  an ene rgy  mass ratio of 

- 8 . 7 9 ~ 1 0 .  Thus, a large energy  decrement  is r e q u i r e d  for t h e  v e h i c l e  to a c h i e v e  
LEO. The decrement could  n o t  be achieved  i n  a s i n g l e  a tmosphe r i c  pass due to t h e  
v e h i c l e ' s  p r e s e n t  c o n s t r a i n t s  u n l e s s  out -of -p lane  maneuvers were performed dur ing  
t h e  p a s s .  T h e r e f o r e ,  v a r i o u s  o p t i o n s  which i n c r e a s e  t h e  p r e s e n t l y  i n s u f f i c i e n t  
ene rqy  decrement  produced i n  a s i n q l e  a tmosphe r i c  pass were analyzed .  

7 

The s i m p l e s t  concep t  i nvo lved  r e l a x i n g  t h e  v e h i c l e ' s  c u r r e n t  h e a t  rate 
c o n s t r a i n t .  T e s t s  were run i n  which t h e  maximum h e a t  rate was r a i s e d  to  200, 210, 
220, and  240 Atu/(Sq. Ft.-Sec.) .  For a G D 3  r e t u r n ,  it w a s  shown t h a t  a l inear  
r e l a t i o n s h i p  e x i s t s  between t h e  v e h i c l e ' s  maximum ach ieved  h e a t  rate and its energy  
on l e a v i n y  t h e  atmosphere.  Th i s  l i n e a r  r e l a t i o n  is shown i n  f i g u r e  6. P o i n t  A 
r e f e r s  to t h e  v e h i c l e ' s  e x i t  ene rgy  after a s i n g l e  a tmosphe r i c  pass wi th  h e a t  rate 

3 



c o n s t r a i n t s  of 180 Btu/(Sq. Ft.-Sec.); whereas ,  p o i n t  C r e p r e s e n t s  t h e  ene rgy  
r e q u i r e d  ( P o i n t  B w i l l  be r e f e r r e d  to l a t e r ) .  

M u l t i p l e  Aeropass Miss ions  

From f i q u r e  6, it can be seen  t h a t  t h e  v e h i c l e ' s  maximum h e a t  rate would have 
to he r a i s e d  to  280 Btu/(Sq. Ft.-Sec.)  i n  o r d e r  to lose t h e  r e q u i r e d  amount of 
e n e r q y  i n  a s i n q l e  pass wi thou t  s p e c i a l  maneuvers. Due to  t h e  tremendous s i z e  of 
t h e  i n c r e a s e  needed, t h i s  i d e a  of r a i s i n g  t h e  heat rate r e s t r i c t i o n s  w a s  d i s c a r d e d  
and o t h e r  possibilities were i n v e s t i q a t e d .  

One s u c h  approach is to u t i l i z e  t h e  a tmosphere ' s  b rak ing  p o t e n t i a l  more 
e f f i c i e n t l y .  F iqu re  7 shows t h e  p r e s e n t  AOTV's ene rqy  loss as a f u n c t i o n  of 
a l t i t u d e .  Due to t h e  low a tmospher i c  d e n s i t y  t h a t  e x i s t s  a t  h igh  a l t i t u d e s ,  t h i s  
m i s s i o n  p rof i le  does n o t  s t a r t  to u t i l i z e  t h e  h e n e f i t s  of a e r o b r a k i n g  u n t i l  it is 
below 300,000 feet .  As a matter of fac t ,  80 p e r c e n t  of t h e  v e h i c l e ' s  to ta l  ene rgy  
loss o c c u r s  b e l o w  260,000 feet. Ry u t i l i z i n q  t h e  upper r e g i o n s  of the a tmosphere ,  a 
ldrqer ene rqy  decrement  may be o b t a i n e d .  T h i s  may be accomplished by s i z e a b l y  
i n c r e a s i n q  t h e  s p a c e c r a f t ' s  draq through t h e  use  of a b a l l u t e .  

A t y p i c a l  b a l l u t e  is p i c t u r e d  i n  f i g u r e  8 (Refe rence  3 1 .  By expanding t h e  
s p a c e c r a f t ' s  s u r f d c e  area ( i n c r e a s i n g  t h e  d r a g )  and r educ inq  i ts  L/D to  0.05 i n  the 
upper a tmosphere ,  a d d i t i o n a l  energy  is lost .  When t h e  b a l l u t e ' s  maximum h e a t  rate 
i s  reached ,  i t  is  d i s c a r d e d  l e a v i n g  t h e  o r i g i n a l  AOTV c o n f i g u r a t i o n .  T h i s  o c c u r r e d  
at 260,000 fee t .  The AOTV may c o n t i n u e  to fly i n  t h i s  c o n f i g u r a t i o n ,  or a n o t h e r  
t,a1Ltite may be opened as t h e  v e h i c l e  l e a v e s  t h e  e a r t h ' s  a tmosphere.  I n  this way, 
even more energy  is lost .  The energy  lost  u s i n g  the doub le  b a l l u t e  is r e p r e s e n t e d  
by point R i n  f i q u r e  6. 

The r e s u l t s  of t h e  doub le  b a l l u t e  s i m u l a t i o n  are shown i n  f i g u r e s  9a, 9b, and 
9c. These f i g u r e s  relate t h e  dynamic p r e s s u r e ,  v e h i c l e  a c c e l e r a t i o n ,  and v e h i c u l a r  
h e a t  r a t e  to f l i q h t  t i m e  ( r e s p e c t i v e l y ) .  

Comparisons of f i g u r e s  9 and 5 show t h a t  t h e  double  b a l l u t e  concep t  does n o t  
si y n i f i c a n t l y  a l t e r  e i t h e r  t h e  dynamic p r e s s u r e  expe r i enced  or t h e  v e h i c l e ' s  h e a t  
rate. However, the v e h i c l e ' s  a c c e l e r a t i o n  is s i g n i f i c a n t l y  changed as shown i n  
f i g u r e s  9b and 5b. These sudden v a r i a t i o n s  r e s u l t  from i n s t a n t a n e o u s l y  changing  t h e  
v e h i c l e ' s  L/D r a t io  when a b a l l u t e  is e i t h e r  deployed or d i s c a r d e d .  Such a b r u p t  
f l u c t u a t i o n s  m u s t  be accounted  for  i n  t h e  d e s i g n  process and may l i m i t  m i s s i o n s  t o  
t ) e i n q  unmanned. 

The advantaqe  of t h e  b a l l u t e  c o n f i q u r a t i o n  is shown i n  f i g u r e  IO. Curve A 
r e p r e s e n t s  t h e  ene rqy  p r o f i l e  of a s i n g l e  a tmosphe r i c  pass u s i n g  a non-ba l lu t e  
AOTV and is t h e  c u r v e  shown as f i g u r e  7.  Curve B shows t h e  energy  p r o f i l e  of a 
s i n q l e  h a l l u t e  AOTV f o l l o w i n g  t h e  same t r a j e c t o r y .  Th i s  b a l l u t e  is deployed a t  
400,000 feet  and r e l e a s e d  a t  260,000 f e e t .  F i n a l l y ,  cu rve  C shows t h e  ene rgy  
p r o f i l e  for t h e  doub le  ba l l . u t e  case. Thus, a s i g n i f i c a n t  energy  decrement  may be 
achieved  by d e p l o y i n q  ba l lu t e s  when t h e  v e h i c l e  is i n  t h e  e a r t h ' s  upper  a tmosphere .  

A n o t h e r  m e t h o d  of a c h i e v i n g  a d e s i r e d  ene rgy  loss d u r i n g  a GED r e t u r n  m i s s i o n  
is t h e  u s e  of m u l t i p l e  passes through t h e  e a r t h ' s  a tmosphere ( r e f e r e n c e  4 ) .  Various  
m u l t i p l e  pass mis s ions  were s imula t ed  USiW an AOW as p i c t u r e d  i n  f i g u r e  3. POST 
was used to de te rmine  t h e  d e o r b i t  t h r u s t  a t  GEO and t h e  a n g l e - o f - a t t a c k ,  bank a n g l e  
combina t ion  r e q u i r e d  to keep  t h e  maximum h e a t  rate b e l o w  180 Btu/f tZ-sec.  The 
hank a n g l e  and ang le -o f -a t t ack  f o r  t h e  e x i t  from t h e  atmosphere were chosen based on 
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e x p e r i e n c e  wi th  a number of runs .  The bank a n q l e s  and a n q l e - o f - a t t a c k  were k e p t  t h e  
.same for a l l  t h e  trajectories d i s c u s s e d  i n  t h e  f i n a l  s e c t i o n s  of t h e  paper .  The 
qoal of each m i s s i o n  w a s  to  o b t a i n  a f i n a l  c i r c u l a r  o rb i t  a t  LEO w i t h o u t  v i o l a t i n g  
t h e  v e h i c l e ' s  heat r e s t r i c t i o n s  and w i t h  a minimal use of p r o p e l l a n t .  S ince  t i m e  
was no t  a c o n s t r a i n t ,  t h e  number of a tmospher ic  passes w a s  n o t  l i m i t e d .  The r e s u l t s  
of t h i s  a n a l y s i s  are shown i n  Table  I. 

I n  q e n e r a l ,  it can he seen  t h a t  t h e  more ene rqy  that is lost through 
aeropasses, t h e  less p r o p e l l a n t  w i l l  be r e q u i r e d  f o r  energy  c o n t r o l .  For comparison 
t h e  Hohmann t r a n s f e r  case (Tab le  I )  shows the p r o p e l l a n t  r e q u i r e d  when t h e  o rb i t a l  
chanqe is accomplished p r o p u l s i v e l y  wi thou t  t h e  use of ae robrak ing .  The n e x t  two 
e n t r i e s  i n  Table I r e p r e s e n t  aeroassist trajectories t h a t  make u s e  of a s i n g l e  
a tmosphe r i c  pass. The weight  s av ings  achieved  through t h e  use  of t h i s  approach  
a r e  sma l l .  This is main ly  due t o  the h e a t  rate r e s t r i c t i o n s  imposed on the 
v e h i c l e .  However, when t h e  a e r o b r a k i n g  e f f e c t  is summed through two or t h r e e  
a tmosphe r i c  passes, t h e  weight  saved becomes more s i g n i f i c a n t  ( approx ima te ly  
7000 l b s ) .  The v e h i c l e  may now t r a n s p o r t  a larger payload,  a l t h o u g h  its f l i g h t  t i m e  
is i n c r e a s e d .  T h e r e f o r e ,  dependinq on t h e  i n d i v i d u a l  mi s s ion  r equ i r emen t s ,  
( p a r t i c u l a r l y  t h e  t r a d e o f f  between payload and f l i g h t  t i m e ) ,  m u l t i p l e  a t m o s p h e r i c  
p a s s e s  may be advantageous .  

The burn f o r  t h e  o n e - t h r u s t  case was performed j u s t  a f t e r  t h e  v e h i c l e  l e f t  t h e  
atmosphere on t h e  second pass. This  maneuver i n s u r e d  that  t h e  v e h i c l e  would be 
w i t h i n  5 n a u t i c a l  miles of t h e  165 n a u t i c a l - m i l e  t a r g e t  apogee. I n  t h e  t w o - t h r u s t  
c a s e  (appendix  A ) ,  t h e  p r o p u l s i v e  maneuver w a s  de l ayed  u n t i l  t h e  v e h i c l e  reached  
apoqee a f t e r  t h e  second pass, and then  t h r u s t  w a s  a p p l i e d  to  raise t h e  perigee of 
t h e  o rb i t  to  165 n a u t i c a l  m i l e s .  The v e h i c l e  then  c o a s t e d  to  perigee where a n o t h e r  
burn a d j u s t e d  t h e  apogee to 165 n a u t i c a l  miles. As can be s e e n  from Table  11, t h i s  
sequence  r e s u l t e d  i n  an  o rb i t  t h a t  was n e a r l y  c i r c u l a r  when the v e h i c l e  reached  
apoqee. Althouqh a d d i t i o n a l  miss ion  time was r e q u i r e d  to t h r u s t  a t  apogee and 
periqee, t h i s  p r o p u l s i v e  sequence r e s u l t e d  i n  a g r e a t e r  we iqh t - to -o rb i t .  

As shown i n  Table I, a miss ion  employing t h r e e  a tmosphe r i c  passes w a s  
s i m u l a t e d .  While be inq  s l i q h t l y  more f u e l  e f f i c i e n t ,  t h e  greatest  advantage  of t h i s  
m i s s i o n  ove r  a doub le  pas s  case is its maximum achieved  h e a t  rate. Throughout t h i s  
a n a l y s i s ,  the v e h i c l e ' s  h e a t  rate r e s t r i c t i o n s  have been a major problem. However,  
by employinq three atmospheric passes, the  maximum heat rate never exceeded 
147 (R tu /F t .  Sq.-Sec.). Thus, dependinq on t h e  h e a t  t r a n s f e r  t echno logy  u t i l i z e d  i n  
the  f i n a l  AOTV d e s i q n ,  t h i s  may be a u s e f u l  o p t i o n .  

S e n s i t i v i t y  Ana lys i s  

The i s s u e s  e f f e c t i n g  mis s ion  s e n s i t i v i t y  are i l l u s t r a t e d  i n  Tab le  11. As a n  
example,  a two-pass a e r o b r a k i n q  miss ion  is examined. The t h r e e  t y p e s  of two-pass 
miss ions  shown a r e  mis s ions  us ing  no t h r u s t ,  mi s s ions  u s i n g  a s i n g l e  t h r u s t i n g  
period, and mis s ions  us inq  t w o  t h r u s t i n q  periods. I n  each  i n s t a n c e ,  t h e  v e h i c l e  w a s  
to a c h i e v e  an o r b i t  w i th  a 165 n a u t i c a l - m i l e  apogee. I n  a d d i t i o n  to t h e  bank a n g l e  
and a n q l e - o f - a t t a c k  combina t ions  t h a t  were common to a l l  t h e  trajectories, the 
n o - t h r u s t  mi s s ion  used POST t o  de t e rmine  a t i m e  a f t e r  maximum h e a t i n g  t h a t  t h e  bank 
a n q l e  w a s  al lowed to  be non-zero. Th i s  non-zero bank a n g l e  a l lowed the v e h i c l e  to 
spend more time i n  t h e  h i g h e r  d e n s i t y  a tmosphere to  lose a d d i t i o n a l  ene rgy  to  
a c h i e v e  a 165 n a u t i c a l - m i l e  apoqee for the  f i n a l  LEO. 

As p r e v i o u s l y  shown, an ex t r eme ly  i m p o r t a n t  parameter i n  t h e  design of a n y  
a e r o b r a k i n g  maneuver is the p e r i g e e  of the i n i t i a l  b r a k i n g  orbit. The second column 
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of Table  I1 shows how t h e  f i n a l  p r o j e c t e d  apogee changes wi th  the  perigee of t h e  
f i r s t  b r a k i n g  p a s s .  The example wi th  no t h r u s t  showed a large p o t e n t i a l  error i n  
f i n a l  apoqee wi th  errors i n  t h e  p e r i g e e  of t h e  i n i t i a l  b rak ing  orb i t .  When an  e x t r a  
cont ro l  such as t h r u s t i n g  w a s  added, t h e  s e n s i t i v i t y  of d e s i r e d  apogee to  perigee 
errors was q r e a t l y  reduced.  The o n e - t h r u s t  example showed a ve ry  s m a l l  s e n s i t i v i t y  
and t h e  two- th rus t  case showed almost no s e n s i t i v i t y .  The l a s t  t h r e e  columns of 
Tab le  I1 show f i n a l  c o n d i t i o n s  for t h e  v a r i o u s  mis s ions .  

As shown i n  Table  11, t h e  no - th rus t  example d e l i v e r s  t h e  most weight  to o rb i t  
h u t  has  t h e  q r e a t e s t  s e n s i t i v i t y  to errors i n  cr i t ical  parameters  a long  t h e  mission 
t i m e l i n e .  In  t h e  no - th rus t  example, a one-mile error a t  p e r i g e e  would r e s u l t  i n  a 
275-mile error a t  apogee. The o n e - t h r u s t  example d e l i v e r e d  t h e  least  weight  to 
orb i t  s i n c e  t h e  t h r u s t  w a s  n o t  a p p l i e d  near  apogee or p e r i g e e .  Th i s  example w a s  
i n c l u d e d  to show t h a t  an a d d i t i o n a l  control would s i g n i f i c a n t l y  reduce  t h e  
s e n s i t i v i t y - t o - m i s s i o n - p a r a m e t e r  errors even i f  it d i d n ' t  improve performance.  The 
two- thrus t / two-pass  example d e l i v e r e d  428 less pounds to o rb i t  b u t  showed almost no 
s e n s i t i v i t y  to mis s ion  parameter errors. Also, t h e  two- th rus t  mission w a s  des igned  
to  end i n  an o r b i t  t h a t  w a s  ve ry  close to  c i r c u l a r .  

The main p o i n t  from t h e  s e n s i t i v i t y  a n a l y s i s  is t h a t  t h e r e  is a tradeoff 
between us inq  o n l y  aerodynamic c o n t r o l  ve r sus  u s i n g  aerodynamic c o n t r o l  p l u s  t h r u s t  
d u r i n g  a b r a k i n g  maneuver i n  de t e rmin ing  t h e  weight  d e l i v e r e d  to  f i n a l  orbit .  
C l e a r l y ,  more payload can be d e l i v e r e d  to orbit with o n l y  aerodynamic controls but 
at t h e  cost of imposing s t r ic t  accuracy  r equ i r emen t s  on guidance ,  c o n t r o l ,  and 
n a v i q a t i o n  sys tems as well a s  the i n s t r u m e n t a t i o n  to  s u p p o r t  t h e m .  A secondary  
p o i n t  i n d i c a t e d  from t h e  s t u d y  is t h a t  c a r e f u l  i n c o r p o r a t i o n  of t h e  propulsive 
t h r u s t i n q  wi th  m u l t i p l e  o r b i t s  can maximize t h e  e f f i c i e n c y  of t h e  t h r u s t  sequences .  
In  t h e s e  s t u d i e s ,  t h e r e  was n o t  t i m e  to  pursue t h i s  p o i n t ,  b u t  o t h e r  s t u d i e s  have 
i n d i c a t e d  t h a t  small t h r u s t  a t  t h e  f i r s t  apogee could  reduce t h e  t h r u s t  r e q u i r e d  
d u r i n q  the  second o rb i t .  

Throuqh this i n v e s t i q a t i o n ,  f i v e  s t u d i e s  p e r t a i n i n g  to  v a r i o u s  aspects of  an 
AOTV miss ion  were p resen ted  and several r e s u l t s  w e r e  o b t a i n e d .  

When a l o w  L/D v e h i c l e  is s i m u l a t e d ,  ve ry  l i t t l e  l i f t - i n d u c e d  control ex is t s .  
A.4 a result ,  t h e  v e h i c l e ' s  f l i g h t  p a t h  is almost comple t e ly  de te rmined  by t h e  
t r a j e c t o r y ' s  p r e d i c t e d  periqee. The v a l u e s  chosen f o r  t h e  p r e d i c t e d  perigee also 
d e t e r m i n e d  t h e  h e a t  rate for a p a r t i c u l a r  a e r o p a s s .  A d d i t i o n a l l y ,  t h e  apogee 
a l t i t u d e  a t t a i n e d  w a s  s e n s i t i v e  to e r r o r s  i n  p r e d i c t e d  p e r i g e e  when o n l y  aerodynamic 
c o n t r o l s  were used.  

S i n c e  d e n s i t y  s h e a r s  may be encountered  by t h e  AOTV d u r i n g  i t s  f l i g h t ,  their 
e f f e c t  w a s  c o n s i d e r e d .  The e f f e c t  of a s h e a r  upon t h e  v e h i c l e ' s  h e a t  rate is  
s i q n i f i c a n t .  If a d e n s i t y  s h e a r  is encountered  a t  t h e  wronq moment, it cou ld  raise 
t h e  v e h i c l e ' s  h e a t  rate above its s t r u c t u r a l  l i m i t .  Thus, a r e a s o n a b l e  s a f e t y  
f a c t o r  should  he i nc luded  i n  t h e  AOTV's f i n a l  d e s i g n .  Due to the small l i f t  f o r c e ,  
t he  v e h i c l e ' s  f l i g h t  pa th  is o n l y  s l i g h t l y  a l t e r e d  by t h e  presence  of  a d e n s i t y  
s h e a r .  

The enerqy  decrement  needed to  e s t a b l i s h  a c i r c u l a r  o rb i t  a t  LEX3 u s i n g  
a tmosphe r i c  c o n t r o l  a l o n e  and a s i n g l e  a tmosphe r i c  pass and no o u t  of  p l ane  
maneuvers may be ach ieved  by re lax ing  t h e  h e a t  rate res t r ic t ions.  However, t h e  
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allowable h e a t  rates would have t o  he s u b s t a n t i a l l y  i n c r e a s e d .  Energy decrement  may 
a l s o  be ach ieved  by a d a p t i n g  t h e  AOTV so t h a t  it u t i l i z e s  t h e  a tmosphere ' s  
a e r o b r a k i n q  p o t e n t i a l  more e f f i c i e n t l y .  The use of b a l l u t e s ,  for example, resulted 
i n  a l a r q e  a d d i t i o n a l  ene rgy  decrement .  

Many possible miss ion  p r o f i l e s  e x i s t .  Amonq t h o s e  c o n s i d e r e d  were trajectories 
employinq one, t w o ,  or t h r e e  a tmospher ic  passes. When compared to a Hohmann t rans-  
fer, a s i n g l e  a tmosphe r i c  pass w a s  found to  save  ve ry  l i t t l e  p r o p e l l a n t .  On the 
o t h e r  hand, m u l t i p l e  passes achieved  l a r g e  p r o p e l l a n t  r e d u c t i o n s  b u t  required 
a d d i t i o n a l  f l i q h t  t i m e .  The g r e a t e s t  we igh t - to -o rb i t  mi s s ion  u t i l i z e d  t h r e e  
a tmosphe r i c  pas ses .  

The miss ions  t h a t  r e s u l t e d  i n  t h e  greatest weight d e l i v e r e d  to t h e  target orb i t  
used o n l y  aerodynamic c o n t r o l ,  b u t  proved to be ex t r eme ly  s e n s i t i v e  to errors. 
T h e r e f o r e ,  gu idance ,  c o n t r o l ,  and n a v i g a t i o n  r equ i r emen t s  f o r  such trajectories 
could be s e v e r e .  However, a small amount of t h r u s t i n g  could  reduce  t h e  s e n s i t i v i t y  
to errors and i n c r e a s e  t h e  r e l i a b i l i t y  enough to o f f s e t  t h e  payload lost to 
p r o p e l l a n t  r equ i r emen t s .  

FUTURE WORK 

A few of  t h e  i d e a s  d i s c u s s e d  i n  t h i s  paper  shou ld  be s t u d i e d  i n  g r e a t e r  d e t a i l .  
One such concep t  is t h e  u t i l i z a t i o n  of dep loyab le  b a l l u t e s .  Although it w a s  shown 
t h a t  a l a r q e  ene rgy  decrement  could  be ob ta ined  through the use of bal lutes ,  the 
f e a s i b i l i t y  of  d e s i g n i n g  and c o n s t r u c t i n g  such a s t r u c t u r e  w a s  not  d i s c u s s e d .  

Another i n t e r e s t i n g  topic which w a s  n o t  i n v e s t i q a t e d  i n  t h i s  s t u d y  ie the use 
of a high  L/D v e h i c l e .  Once i n  t h e  e a r t h ' s  a tmosphere,  t h i s  v e h i c l e  would possess 
q r e a t e r  l i f t - i n d u c e d  c o n t r o l  and could  p o s s i b l y  s k i p  i n  and o u t  of the a tmosphere  
wi thou t  having  to perform m u l t i p l e  trajectories. 

A d d i t i o n a l l y ,  the t r a d e s  between t h e  s e l e c t i v e  use  of t h r u s t i n g  versus 
n o n t h r u s t i n q  cou ld  be performed to reduce miss ion  error s e n s i t i v i t y  and improve 
r e l i a b i l i t y .  For a q iven  payload t h e s e  t r a d e s  could  be used to e s t a b l i s h  payload  to  
orbit ver sus  m i s s i o n  r e l i a b i l i t y  cri teria.  
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APPlzRDIX A 

Event 6 : 
5 

A t  Heat Rate=l80  Btu/(Sq. Ft.-Sec.), A t  A l t i t u d e = 2 . 3 5 1 ~ 1 0  f t .  
S e t  Alpha=CjO, Bank Angle=O 
Maximum Achieved Heat Rate=180.5 Btu/(Sq. Ft.-Sec.) 

Minimum A l t i t u d e  is Achieved ( 2 . 3 1 2 ~ 1 0  
Coast U n t i l  Al t i tude=400,000 feet  

5 

Event 7 : 
A t  Al t i tude=400,000 feet  
Turn Atmospheric Model Off  
Coast U n t i l  Apoqee is reached,  675 Nautical  Miles 

8 

This appendix  c o n t a i n s  a d e s c r i p t i o n  of t h e  POST i n p u t s  f o r  a Double-Pass, 
Two-Thrust miss ion .  The i n i t i a l  d e o r b i t  t h r u s t ,  t h e  e n t r y  angle-of -a t tack  and bank 
a n q l e ,  and t h e  e x i t  angle-of -a t tack  and bank a n g l e  were common to  all missions.  

Event 1 : 
I n  CEO, Alpha=180, T h r u s t  a c t i v i t a t e d  
Aiming for  perigee of 42.14 N a u t i c a l  Miles 
T h r u s t  for 77.4 Seconds,  7735 lbs. of propellant used 
When perigee of 42.14 n a u t i c a l  miles projected 
T h r u s t  Off 

Event 2 : 
Alt i tude=400,000 feet ,  Turn Atmospheric Model On 
S e t  Alpha=25, Bank Angle.181 
Descend U n t i l  H e a t  Rate=l70 Btu/(Sq. Ft.-Sec.) 

Event 3 : 
5 

Heat Rate=l70  Btu/(Sq. Ft.-Sec.) ,  A t  A l t i t u d e = 2 . 5 6 8 ~ 1 0  
S e t  Alpha-60, Bank Angle=O 
Maximum Achieved Heat Rate=184.4 B t u / ( S q .  Ft.-Sec. 

Minimum A l t i t u d e  is Achieved ( 2 . 4 6 8 ~ 1 0  1 
C o a s t  U n t i l  Al t i tude=400,000 feet 

5 

Event 4 : 
A l t i  tude=400 , 000 feet  
Turn Atmospheric Model Off 
P a s s e s  through Apoqee=5680 N a u t i c a l  Miles 
Coast U n t i l  Al t i tude=400,000 feet 

Event 5: 
A t  400,000 f t  i n  second o r b i t  
S e t  Alpha=25, Bank Anqle=81 
Atmospheric Model On 
C o a s t  U n t i l  Heat Rate=180 Btu / (Sq .  Ft.-Sec.) 



Event 8 :  
A t  Apogee, Turn T h r u s t  On 
S e t  Alpha=180, Rank Anqle=O 
T h r u s t  f o r  7.2 Seconds,  725 lbs. of p r o p e l l a n t  used 
T h r u s t  U n t i l  Pe r igeeof60  N a u t i c a l  Miles  

Event 9 : 
When P e r i g e e  is 160 N a u t i c a l  Miles  
T h r u s t  Off 
P r i n t i n g  Parameters  Varied 
Coast U n t i l  P e r i g e e  is Reached 

Event 10: 
A t  P e r i g e e ,  Turn T h r u s t  On 
S e t  Alpha-180, Bank Angleto 
T h r u s t  for 10.4 Seconds, 1040 lbs. of propellant used 
I J n t i l  Apogee=l65 N a u t i c a l  Miles  P r e d i c t e d  

Event 1 1  : 
Coast to Apogee 
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Figure 1. SinRla Pass Hission 

Figure 2. Double Pass Hission 



FIGURE 3 .  TYPICAL AOW W I T H  L/D OF ABOW - 3  
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c o t l i d  put  more weiqht  i n t o  t h e  target orbi ts  b u t  were ve ry  sens i t ive  to variations 
from t h e  planned trajectors. IJsing some t h r u s t  c o n t r o l  r e s u l t e d  i n  less payload  to  
o r h i t ,  b u t  g r e a t l y  reduced t h e  s e n s i t i v i t y  to  variations from nominal trajectories. 
When compared to t h e  non- th rus t ing  trajectories i n v e s t i g a t e d  , t h e  j u d i c i o u s  u s e  of 
t h r u s t i n g  r e s u l t e d  i n  m u l t i p l e  pass trajectories t h a t  gave 97 p e r c e n t  of t h e  payload 
to o rb i t  wi th  almost none of t h e  s e n s i t i v i t y  to v a r i a t i o n s  from t h e  nominal.  

The emphasis  i n  t h i s  s t u d y  w a s  on the use  of  m u l t i p l e  pass trajectories f o r  


